Preference and intake of sucrose varies across inbred and outbred strains of mice.
Introduction
The precise role for dopamine in reward has been a consistent source of debate since the proposal of the "anhedonia hypothesis" over a quarter-century ago (e.g., Wise, 1982; Wise et al., 1978) , and continues unabated in recent reviews (e.g., Baldo and Kelley, 2007; Barbano and Cador, 2007; Berridge, 2007; Salamone et al., 2007) . In place of the anhedonia hypothesis, Berridge (Berridge, 1996; Berridge and Robinson, 1998) proposed a role for brain dopamine in 'wanting', that is, the attribution of incentive salience to reward-related stimuli. An alternative role for brain opioids was proposed in 'liking', that is, the hedonic impact of reward. Differential involvement for opioids and dopamine were found for reinforcement processes related to food and water intake (e.g., Agmo et al., 1993 Agmo et al., , 1995 . Sucrose and saccharin intake were significantly reduced by systemic pretreatment with opioid (e.g., Apfelbaum and Mandenoff, 1981; Cooper, 1983; Levine et al., 1982; Lynch and Libby, 1983) and dopamine D1 and D2 (e.g., Bello and Hajnal, 2006; Muscat and Willner, 1989; Tyrka et al., 1992 ; but see antagonists in rats. Using the sham-feeding procedure (Weingarten and Watson, 1982) in which ingested fluid drains out of an open gastric fistula thereby minimizing postingestive nutritive effects (Sclafani and Nissenbaum, 1985) , sugar intake is also reduced following pretreatment with opioid (Kirkham and Cooper, 1988a,b; Rockwood and Reid, 1982) and dopamine D1 and D2 (Geary and Smith, 1985; Schneider et al., 1990) antagonists. However, opioid and dopamine antagonists differed in their effects upon sugarconditioned flavor preferences. Whereas the opioid antagonist, naltrexone failed to reduce sucrose-conditioned flavor preferences in sham-feeding rats (Yu et al., 1999) , fructoseconditioned flavor preferences in real-feeding rats (Baker et al., 2004) or sucrose-conditioned flavor-nutrient preferences induced by intragastric sucrose (Azzara et al., 2000) , dopamine D1 and/or D2 receptor antagonism significantly reduced sucrose-conditioned and fructose-conditioned flavor preferences in these conditioning paradigms (Azzara et al., 2001; Baker et al., 2003; Hsiao and Smith, 1995; Yu et al., 2000a,b) .
Through the use of inbred mouse strains, genetic variation has been observed for sucrose and saccharin intake (Bachmanov et al., 1997 (Bachmanov et al., , 2001 Blizard et al., 1999; Capeless and Whitney, 1995; Fuller, 1974; Inoue et al., 2004; Lewis et al., 2005; Lush, 1989; Nachman, 1959; Pelz et al., 1973; Pothion et al., 2004; Reed et al., 2004; Stockton and Whitney, 1974; Tordoff et al., 2002) , accounting for 78% and 83% of the genetic variation associated with consumption of 0.1% saccharin and 3% sucrose, respectively (Ramirez and Fuller, 1976) . The genetic variation in the response to saccharin and dilute sucrose solutions is largely explained by polymorphisms in the Tas1r3 gene that encodes for the T1R3 sweet receptor . In studies examining pairs of strains, C57BL/ 6J mice displayed greater intake of five (0.005-1 M) glucose and sucrose concentrations than 101Bag/R1 mice (Stockton and Whitney, 1974) , of a 0.1% saccharin solution than DBA/2J mice (Fuller, 1974) , and of low sucrose concentrations than 129P3/J mice (Bachmanov et al., 1997 (Bachmanov et al., , 2001 Sclafani, 2006a,c; Sclafani and Glendinning, 2005; Tordoff et al., 2002) . Examination of 12 mouse strains across a range of nine sucrose concentrations revealed profound genetic variation in the sensitivity and magnitude of intake as well as alterations in corresponding chow intake (Lewis et al., 2005) . Intakes of dilute (0.1%) but not concentrated (10%) sucrose correlated with Tas1r3 polymorphisms indicating that sweet taste sensitivity does not completely explain the consumption of calorically dense sugar solutions (Inoue et al., 2004) . Moreover, profound genetic variance was also observed in naltrexone's ability to reduce intake of a 10% sucrose solution in eight inbred and one outbred mouse strains (Dym et al., 2007) .
To examine potential genetic variance in the dopaminergic receptor modulation of sucrose intake, the present study tested eight inbred (BALB/cJ, C3H/HeJ, C57BL/6J, C57BL/10J, DBA/2J, SJL/J, SWR/J and 129P3/J) and one outbred (CD-1) mouse strains for differences in the ability of systemic administration of D1 (SCH23390) and D2 (raclopride) dopamine receptor antagonists to dose-dependently (50-1600 nmol/kg) and time-dependently (5-120 min) decrease intake of a 10% sucrose solution.
Results

Strain differences in sucrose intake following vehicle baseline injections
Evaluation of sucrose intake following vehicle baseline injections revealed significant differences among strains (F(8,88) = 8.53, P < 0.0001) and for the interaction between strains and test times (F(40,440) =8.83, P <0.0001). The rank-order of the cumulative 2 h baseline vehicle sucrose intake among the nine strains was: SWR/J (1.7 ml), BALB/cJ (1.7 ml), 129P3/J (1.6 ml), CD1 (1.4 ml), C3H/HeJ (1.4 ml), C57BL/10J (1.3 ml), SJL/J (1.2 ml), C57BL/ 6J (1.2 ml), DBA/2J (1.2 ml). Thus, to adjust for baseline differences in sucrose intake across strains, the effects of SCH23390 and raclopride across doses and times were evaluated within each strain as well as an evaluation of the percent vehicle baseline values across strains, doses and times.
2.2.
Strain differences in dopamine antagonist-induced inhibition of sucrose intake 2.2.1. SCH23390 effects Overall significant differences in sucrose intake following SCH23390 were observed among the nine mouse strains (F(8,86) = 5.54, P < 0.0001), among doses (F(5,430) = 115.76, P < 0.0001), across test times (F(5,430) = 590.04, P < 0.0001), and for all two-way and three-way interactions (P < 0.0001). Fig. 1 displays the marked strain-specific differences in the dosedependent and time-dependent ability of SCH23390 to significantly reduce sucrose intake. The 129P3/J mice displayed significant reductions across all five SCH23390 doses (Fig. 1I) , whereas the C57BL/6J and SJL/J mice displayed significant reductions following the four highest SCH23390 doses (Figs. 1C and G) . The C3H/HeJ, C57BL/10J and SWR/J mice displayed significant reductions following the three highest SCH23390 doses (Figs. 1B, D and H) , whereas the BALB/cJ, DBA/2J and the outbred CD-1 mice displayed significant reductions following only the two highest SCH23390 doses (Figs. 1A, E and F).
Moreover, significant enhancements of sucrose intake occurred following the lowest SCH23390 dose in CD-1 (15-60 min, Fig. 1E ), DBA/2J (5-30 min, Fig. 1F ) and SWR/J (15 min, Fig. 1H ) mice.
Significant differences in percent vehicle baseline values of sucrose intake following SCH23390 were also observed among strains (F(8,91) = 2.84, P < 0.007), among doses (F(4,364) = 97.55, P < 0.0001), across times (F(5,455) = 9.41, P < 0.0001), and for all two-way and three-way interactions (P < 0.0001). Table 1 summarizes the SCH23390-induced changes in sucrose intake as the percentage of baseline vehicle intake for each strain, and indicates those instances in which one strain produced greater inhibitory effects relative to another strain. To summarize some of the major differences, 129P3/J mice displayed significantly greater magnitudes of SCH23390-induced inhibition than BALB/cJ, CD-1 and SWR/J mice. SJL/J and C57BL/6J mice also displayed significantly greater magnitudes of inhibition than BALB/cJ, CD-1 and SWR/J mice, but to a lesser degree than the 129P3/J strain.
Raclopride effects
Overall significant differences in sucrose intake following raclopride were observed among strains (F(8,84) = 5.67, P < 0.0001), among doses (F(5,420) = 20.87, P < 0.0001), across times (F(5,420) = 699.57, P < 0.0001), and for all two-way and three-way interactions (P < 0.0001), except between strains and doses (F(40,420) = 1.24, n.s). Fig. 2 displays the markedly lesser ability of raclopride to dose-dependently and timedependently reduce sucrose intake in terms of the magnitude of the antagonist-induced inhibition. Seven strains (inbred BALB/cJ, C3H/HeJ, C57BL/6J, C57BL/10J, DBA2/J, SJL/J and 129P3/ J: Figs. 2A-D, F, I ) displayed raclopride-induced reductions in sucrose intake only at the highest 1600 nmol/kg dose, and two strains (inbred SWR/J and outbred CD-1: Figs. 2E and H) failed to display any raclopride-induced reductions in sucrose intake. Indeed, raclopride significantly increased sucrose intake in DBA/2J mice following the 50 (15-90 min) and 400 (5-30 min) nmol/kg doses (Fig. 2F) , in C3H/HeJ mice following the 50 (60-90 min) nmol/kg dose (Fig. 2B) , in SWR/J mice following the 400 (60-120 min) nmol/kg dose (Fig. 2H) , and in outbred CD-1 mice following the 200 (15-120 min) nmol/kg dose (Fig. 2E) . Analysis of the percent of vehicle baseline values of sucrose intake following raclopride also failed to show any genetic variability (data not shown).
2.3.
Strain differences in the ID 50 of SCH23390-induced inhibition of sucrose intake Table 2 summarizes the ID 50 values for the ability of SCH23390 to inhibit sucrose intake across the 120 min time course. The 129P3/J mice consistently displayed the lowest ID 50 values across the first 90 min of the 2 h time course, and displayed 2-3.5-fold greater potency in SCH23390-induced inhibition of sucrose intake relative to CD-1 mice in the first hour after drug administration. In further agreement with the strain differences in SCH23390-induced inhibition in the percent of baseline sucrose intake, the SJL/J strain displayed the second highest degree of potency in inhibition of sucrose intake during the first 60 min of the time course.
2.4.
Heritability estimates of SCH23390-and raclopride-induced inhibition of sucrose intake 
Sucrose intake and T1R3 sweet taste receptor status
Four inbred mouse strains (C57BL/6J, C57BL/10J, SJL/J and SWR/ J) had the sweet-sensitive form of the T1R3 receptor while four strains (BALB/CJ, C3H/HeJ, DBA/2J and 129P3/J) had the sweetsub-sensitive form of the receptor . Evaluation of the percent vehicle sucrose intake scores at 30 min only revealed significant differences (F(1,78) = 6.61, P < 0.012) between sensitive (25.3%) and sub-sensitive (12.3%) taster strains following the 1600 nmol/kg dose of SCH23390. Differences between sensitive (90.8%) and sub-sensitive (71%) taster strains in inhibition of sucrose intake following the 200 nmol/kg dose of SCH23390 approached, but did achieve significance (F = 3.24, P = 0.076). Differences between the two groups in inhibition of sucrose intake failed to occur following the 50 (F = 0.28, ns; sensitive: 111%; sub-sensitive: 104%), 400 (F = 0.13, ns; sensitive: 61%; sub-sensitive: 64%) and 800 (F = 1.81, ns; sensitive: 46.7%; sub-sensitive: 34.3%) nmol/kg doses of SCH23390, and the 1600 nmol/kg dose of raclopride (F = 0.46, ns; sensitive: 82.1%; sub-sensitive: 75%). Thus, the sweet-sensitive strains show less suppression in sucrose intake following the highest SCH23390 dose than sweetsub-sensitive strains.
Discussion
Marked murine strain differences were observed in the magnitude, time course and potency of the dopamine D1 (SCH23390), but not the D2 (raclopride), receptor antagonists to inhibit intake of a 10% sucrose solution. Whereas SCH23390 produced a heterogeneous response pattern as a function of mouse strain that differed across time course, magnitude and dose, raclopride's ability to reduce sucrose intake across Fig. 1 -Alterations (mean, ± SEM) in sucrose intake following the five doses of the D1 dopamine receptor antagonist, SCH23390 in nine mouse strains. Individual analyses of variance for each strain revealed significant main dose effects and interactions between doses and times for all of the nine strains. Significant (P < 0.05) increases (#) and decreases (*) in sucrose intake following specific drug doses relative to corresponding vehicle intake are denoted.
strains was largely limited to effects following the 1600 nmol/ kg dose for the BALB/cJ, C3H/HeJ, C57BL/6J, C57BL/10J, DBA/2J, SJL/J and 129P3/J, but not for the inbred SWR/J and outbred CD-1 strains. Further, heritability estimates in the ability of particular strains to display raclopride-induced inhibition of sucrose intake at the highest dose tended to be quite low (h 2 = 0.10-0.22). Finally, strains that possessed the sweetsensitive (C57BL/6J, C57BL/10J, SJL/J and SWR/J) and the 
sweet-sub-sensitive (BALB/CJ, C3H/HeJ, DBA/2J and 129P3/J) form of the T1R3 receptor failed to differ in the degree of inhibition of sucrose intake following the highest dose of raclopride. These antagonist effects are in agreement with previously-observed significant dopamine antagonistinduced reductions in sucrose intake in sham-feeding rats (Geary and Smith, 1985; Hsiao and Smith, 1995; Schneider et al., 1986 Schneider et al., , 1990 Yu et al., 2000a,b) and in rat pups in independent ingestion tests (Tyrka et al., 1992) , as well as in fructose intake in real-feeding rats (Baker et al., 2003) . The present study also indicated that low and moderate doses of raclopride significantly increased sucrose intake in some mouse strains (C3H/HeJ, DBA/2J, SWR/J, and CD-1). These latter antagonist-induced facilitatory effects upon sucrose intake have also been observed previously in rats Muscat and Willner, 1989; Phillips et al., 1991) . Thus, these data thereby suggest that raclopride is quite ineffective in reducing sucrose intake in mice, and that any interpretation regarding genetic variability in D2 antagonist-induced suppression of sucrose intake is limited by the overall ineffectiveness of this response.
In contrast, genetic variability in SCH23390-induced inhibition of sucrose intake was clearly demonstrated in two independent measures in the present study: magnitude of effect, and sensitivity to lower doses of the antagonist. SCH23390 significantly reduced sucrose intake across all five doses (50-1600 nmol/kg) in 129P3/J and SJL/J mice, across four doses (200-1600 nmol/kg) in C57BL/6J and BALB/cJ mice, across three doses (400-1600 nmol/kg) in SWR/J, C3H/HeJ and C57BL/ 10J mice, across three different doses (200, 800, 1600 nmol/kg) in DBA/2J mice, but only at the two highest doses (800, 1600 nmol/kg) in CD-1 mice. A similar pattern of SCH23390-induced inhibitory actions were observed in assessing antagonist ID 50 potency across strains with the 129P3/J and SJL/J inbred strains showing the greatest sensitivity consistently across the time course. A 2-3-fold difference was observed between the most (129P3/J) and least (CD-1) sensitive strains in the first hour following SCH23390 treatment. The strainspecific inhibition of SCH23390 sometimes occurred at different doses and time point measurement intervals of the drug. It is unclear from the present data as to whether different and distinct multiple genetic mechanisms are responsible for individual SCH23390 dose and time effects, or whether a single genetic mechanism explains all effects. Interestingly, however, there also appeared to be some degree of genetic variance in SCH23390-induced inhibition of sucrose intake in evaluating strains with the sweet-sensitive (C57BL/6J, C57BL/ 10J, SJL/J and SWR/J) and the sweet-sub-sensitive (BALB/CJ, C3H/HeJ, DBA/2J and 129P3/J) form of the T1R3 receptor ) with significant differences following the 1600 nmol/kg dose for the sensitive (25.3%) and sub-sensitive (12.3%) taster strains, and approaching significance following the 200 nmol/kg dose for the sensitive (90.8%) and subsensitive (71%) taster strains. Thus, the sweet-sensitive strains appear to display less suppression in sucrose intake following SCH23390 than sweet-sub-sensitive strains; potential implications of these results will be discussed subsequently. Whereas a number of these previous criteria appear to support genetic variance of the percent of vehicle intake in SCH23390-induced inhibition of sucrose intake, narrow-sense heritability estimates as a measure of genetic variance were quite meager (h 2 = 0.05-0.32) across each of the time points and each of the SCH23390 doses that produced significant inhibition of sucrose intake. A previous study (Dym et al., 2007) examining opioid inhibition of sucrose intake indicated more consistent heritability estimates for effective naltrexone doses to produce genetic variance in the inhibition of sucrose intake (h 2 = 0.38-0.51). Thus, whereas measures of magnitude of effect, potency of effect and sensitive vs. sub-sensitive strains revealed genetic variance in SCH23390-induced inhibition of sucrose intake, this interpretation should be tempered by the meager heritability data. It is possible that these strain-specific effects of SCH23390 could be due to other factors such as pharmacokinetic actions, actions at sites outside of the central nervous system, or actions upon activity or motor behavior. Although pharmacodynamic effects of SCH23390 acting at the D1 receptor were initially reported in rat studies (e.g., Briere et al., 1987; Hjorth and Carlsson, 1988; Reader et al., 1988; Schulz et al., 1985) , the strain-specific effects of SCH23390 could alternatively be due to pharmacokinetics with SCH23390 acting as a poor D1 antagonist in some murine strains and a strong D1 antagonist in others. For instance, SCH23390 binding is significantly reduced in homozygous mice for the recessive gene weaver (Pullara and Marshall, 1989 , but see Ohta et al., 1989) , dopamine D(1A) receptor knockout mice (Miyamoto et al., 2001; Montague et al., 2001) , and diabetic mice (Saitoh et al., 1998) , but is increased in Purkinje Cell Degeneration mutant mice (Delis et al., 2004) . In contrast, SCH23390 binding is unchanged in hypoxic mice (Arregui et al., 1994) , MPTP-treated mice (Araki et al., 2001 ), methamphetamine-treated mice (Yoo et al., 2008) , 6-hydroxydopamine and iron-deficient mice (Zhao et al., 2007) , mu-opioid receptor knock-out mice (Tien et al., 2003) , and cannabinoid CB1 receptor knockout mice (Houchi et al., 2005) . In assessing whether inbred strains display similar or different SCH23390 binding characteristics, although restraint stress increased D1 receptor density in the nucleus accumbens of DBA/2 mice, while it reduced D1 receptor density in the striatum of C57BL/6 mice (Cabib et al., 1998) , no differences were observed in mesocorticolimbic and striatal SCH23390 binding in normal DBA/2 and C57BL/6 mice (Erwin et al., 1993) . BALB/c and DBA/1 mice made aggressive by clonidine treatment displayed reduced SCH23390 binding in the limbic forebrain, an effect not observed in clonidinetreated C57BL/6J mice (Nikulina and Klimek, 1993) . Kanes et al. (1993) did perhaps the most extensive strain survey in examining D1 receptor binding with [3H]SCH23390, using eight strains of which four (BALB/c, C3H/He, C57BL/6 and DBA/2) were evaluated in the present study. Although they failed to find any strain differences in [3H]SCH23390 uptake into the caudate or cerebellum, BALB/cJ mice displayed higher [3H]SCH23390 binding in the nucleus accumbens (19%), lateral caudate-putamen (15%) and substantia nigra, pars reticulata (27%) than C57BL/6 mice with DBA/2 and C3H/He mice intermediate to the other strains. C3H/He mice displayed higher [3H]SCH23390 binding in the dorsal caudate-putamen (23%) than C57BL/6 mice with DBA/2 and BALB/c mice intermediate to the other strains. Our behavioral data indicated that C57BL/6J and C3H/HeJ inbred strains showed moderate sensitivity, and BALB/cJ and DBA/2J inbred strains showed lesser sensitivity to SCH23390-inhibition of sucrose intake.
[3H]SCH23390 binding data on strains (e.g., 129P3/J and SJL/J) highly sensitive to SCH23390-induced inhibition of sucrose intake are not available, so it may be premature to describe these effects as D1-receptor specific, but more appropriately to ascribe these effects as SCH23390-sensitive or -subsensitive. A second caveat is that both D1 and D2 antagonists were administered subcutaneously, and any systemic effects, particularly for SCH23390, could be due to D1 receptor blockade in relevant sites outside of the central nervous system. Relevant candidate sites displaying D1 receptor binding as measured by SCH23390 include gastric (Glavin and Hall, 1995; Nomura et al., 1995) and intestinal (Fraga et al., 2004; Marmon et al., 1993) areas. Further studies using ventricular or intracerebral administration of D1 antagonists are needed to confirm whether central sites of action are involved. A third and final caveat is to determine whether the genetic variance in SCH23390-induced inhibition of sucrose intake is an epiphenomenon of a generalized effect on activity and/or motor behavior. Although this factor was not directly studied in this paradigm, it is important to note that the same animals in each strain were assessed for both SCH23390-induced and raclopride-induced inhibition of sucrose intake using equimolar concentrations of each drug. Whereas D1 antagonism produced both strain-specific and dose-dependent reductions in sucrose intake, raclopride only produced reductions at the highest dose. Yet D1 antagonism with SCH23390 and D2 antagonism with related antagonists to raclopride produced equal reductions in hyperlocomotion induced by caffeine, cocaine and amphetamine (Garrett and Holtzman, 1994; O'Neill and Shaw, 1999) , albeit at doses higher than those employed in the present study. Therefore, it does not appear that deficits in motor activity produced the differential strain-specific and dose-dependent reductions in sucrose intake induced by SCH23390.
Genetic variability has also been previously observed in the ability of the opioid antagonist naltrexone to suppress sucrose intake (Dym et al., 2007) . Sucrose intake of SWR/J mice failed to decrease significantly following a wide range (0.01-5 mg/kg) of naltrexone doses. Naltrexone's maximal magnitude of inhibitory effects was small (35-40%, (ID 50 = 7.5-10 mg/kg at 60 min)) in 129P3/J and SJL/J mice, moderate (∼50%) in BALB/cJ, C3H/ HeJ, CD-1 and DBA/2J mice, and profound (70-80%, (ID 50 = 0.5-1.5 mg/kg at 60 min)) in C57BL/6J and C57BL/10J mice. Thus, there was a marked 37-fold difference across strains in naltrexone's effectiveness to reduce sucrose intake (Dym et al., 2007) which compares with the much smaller 2-3 fold difference observed with SCH23390 in the present study. To directly assess the relationship between the respective abilities of naltrexone and SCH23390 to inhibit sucrose intake, we derived the ID 50 value of each antagonist for each of the nine common strains tested, and the correlation between the ID 50 values for each antagonist across the nine strains was calculated. There was a weak, negative correlation between the ID 50 of naltrexone and SCH23390 to inhibit sucrose intake 30 min following drug administration (r = − 0.32; r 2 = 0.11, ns).
This particular data point produced the most consistent inhibition across drugs, doses and times. Fig. 3 illustrates differences in each drug's effects in the various strains. For instance, whereas the 129P3/J and SJL/J were among the least responsive strains to naltrexone, they were among the most responsive strains to SCH23390. In contrast, the C57BL/10J and C57BL/6J strains were the most responsive strains to naltrexone, but were only moderately sensitive to SCH23390. The dichotomy between dopaminergic (SCH23390) and opioid (naltrexone) antagonist modulation of sucrose intake has been observed in other paradigms. Thus, although significant reductions in sucrose and saccharin intake have been observed in sham-feeding and real-feeding rats following dopamine (SCH23390: e.g., Bello and Hajnal, 2006; Geary and Fig. 2 -Alterations (mean, ± SEM) in sucrose intake following the five doses of the D2 dopamine receptor antagonist, raclopride in nine mouse strains. Significant (P < 0.05) increases (#) and decreases (*) in sucrose intake following specific drug doses relative to corresponding vehicle intake are denoted. Muscat and Willner, 1989; Schneider et al., 1986 , 1990Tyrka et al., 1992 and opioid (naltrexone: e.g., Apfelbaum and Mandenoff, 1981; Cooper, 1983; Kirkham and Cooper, 1988a,b; Levine et al., 1982; Lynch and Libby, 1983; Rockwood and Reid, 1982) antagonists, these antagonists have different effects on the hedonic response to sweet taste (Barbano and Cador, 2007; Berridge and Robinson, 1998) and flavor conditioning effects of sugars (Azzara et al., 2000 (Azzara et al., , 2001 Baker et al., 2003 Baker et al., , 2004 Hsiao and Smith, 1995; Yu et al., 1999 Yu et al., , 2000a ). Berridge's (Berridge, 1996; Berridge and Robinson, 1998) proposed involvement of brain dopamine in food 'wanting' and brain opioid systems in food hedonics ('liking') provides one widely-discussed framework to explain the differential effects of dopamine and opioid drugs on food-motivated behavior and reward in general. Whereas dopamine and especially D1 receptor antagonism decreases sucrose intake in rats (e.g., Barbano and Cador, 2007; Berridge and Robinson, 1998) and indeed all mouse strains tested in the present study, the magnitude and potency of the effects were strain-specific. Dopamine D1 antagonism is also particularly effective in blocking the acquisition of flavor-nutrient conditioning of simple carbohydrates (Azzara et al., 2001) , the acquisition of flavor-flavor conditioning of sucrose in sham-feeding rats (Yu et al., 2000b) and of fructose in real-feeding rats (Baker et al., 2003) , as well as the expression of flavor-flavor conditioning (Baker et al., 2003; Yu et al., 2000a,b) . All of these studies implicate the D1 dopamine receptor in reward mediated by simple carbohydrates. The mechanism by which this mediation of reward acts is still unclear. The present and previous (Dym et al., 2007 ) study demonstrating differences in the pattern and effectiveness of dopaminergic and opioid antagonism of sucrose intake across different inbred mouse strains may provide yet another form of converging evidence for separation of these two pharmacological systems, although our knowledge of the ability of a wide variety of mouse strains to display these specific attributes of food seeking is presently limited to the eight inbred strains evaluated. Other studies of the 129P3/J and C57BL/6J inbred strains provide some intriguing information relevant to this issue. These two strains differ in their sweet taste sensitivity with C57BL/6J mice possessing the sweet-sensitive form of the Tas1R3 receptor, and 129P3/J possessing the sweet-subsensitive form of the receptor . Consistent with this finding, 129P3/J mice underconsumed a variety of natural and artificial sweeteners compared to C57BL/6J mice (Bachmanov et al., 2001; Reed et al., 2004) . However, after experience with concentrated sugar solutions, the difference in the sucrose preferences of the two strains disappeared, an effect attributed to the postingestive conditioning actions of the sugar (Sclafani, 2006b) . Indeed 129P3/J mice showed a flavor conditioning response to intragastric sucrose infusions that was as strong, if not more so, as that displayed by C57BL/ 6J mice when the sweetness of the cue flavors were equated for the two strains (Sclafani and Glendinning, 2005) . Furthermore, sucrose-experienced 129P3/J mice licked more on a progressive ratio schedule for sucrose rewards than did C57BL/ 6J mice (Sclafani, 2006a) . The respective strong and weak sensitivity of 129P3/J mice to SCH23390-and naltrexoneinduced inhibition of sucrose intake may reflect their greater reliance on the postingestive conditioning of sweet rewards than the activity of their subsensitive sweet taste receptors. Supporting this interpretation are the findings that SCH23390, but not naltrexone, blocks the postingestive conditioning actions of sugars (Azzara et al., 2000 (Azzara et al., , 2001 . Further limited support for this concept is the present finding that the highest dose of SCH23390 produced significantly greater inhibition of sucrose in the sweet-sub-sensitive strains (BALB/cJ, C3H/HeJ, DBA/2J and 129P3/J) relative to the sweet-sensitive strains (Dym et al., 2007) and SCH23390-induced inhibition of sucrose intake after 30 min across nine mouse strains. A weak, negative and non-significant correlation between the ID 50 of naltrexone and SCH23390 to inhibit sucrose intake 30 min following drug administration (r = −0.32; r 2 = 0.11, ns) was observed. (C57BL/6J, C57BL/10J, SJL/J and SWR/J), and is consistent with Berridge's proposals (Berridge, 1996; Berridge and Robinson, 1998 ) that brain dopamine may be less involved in 'liking' relative to 'wanting'. Therefore, such data suggest that inbred genetic differences among mouse strains may provide a viable model for differentiating among the multiple processes involved in food reward.
Smith
Experimental procedures
Subjects
Outbred (CD-1, Charles River Laboratories, Wilmington, MA; n = 11) and eight strains of inbred BALB/cJ, C3H/HeJ, C57BL/6J, C57BL/10J, DBA/2J, SJL/J, SWR/J and 129P3/J (The Jackson Laboratory, Bar Harbor, ME) male mice (6 weeks of age) were initially acclimated to the Queens College vivarium for 1 week in group (5 per cage) housing. Ten to twelve mice of each inbred strain completed testing; variability was due to isolated deaths of animals due to unrelated factors. The animals were then housed individually in plastic cages (30 × 20 × 15 cm) with stainless steel tops throughout the entire study, and maintained on a 12 h light/12 h dark cycle (lights off at 2000 h) at a constant temperature of 22°C. All animals were provided with chow (Lab Diet Mouse Chow 5015) and water ad libitum throughout the experiment, except when experimental testing was conducted.
Testing apparatus
Accurate measurement (±0.2 ml gradations) of the sucrose solution was insured by using a retrofitted testing sipper tube consisting of a leur slip tip syringe (10 ml, 0.2 ml gradations, Pharmaseal Laboratories, Glendale, CA), silicone sealant (All-Glass Aquarium Co., Inc., Franklin, WI), a rubber stopper and a straight sipper tube (63 mm in length, 8 mm in width, Lab Products, Seaford, DE) (e.g., Dym et al., 2007) . The apparatus was created by drilling a hole into the top of the syringe, inserting the stopper and sipper tube into the hole, and securing them with the sealant that also prevented leaking. The sucrose sipper tube was firmly secured to the stainless steel top of the cage by a taut metal spring (100 mm) with clips at each end that affixed to the cage top so that the gradations and meniscus were easily visible.
Sucrose intake procedure
All procedures were approved by the Queens College Institutional Animal Care and Use Committee. At the start of the testing procedure at approximately 3-7 h into the light cycle, chow and water were removed from the cage, and each animal was given access to approximately 8 ml of 10% sucrose in the sipper tube for 2 h. Sucrose intake was measured by reading the meniscus of the sucrose solutions along the gradations after 5, 15, 30, 60, 90, and 120 min, whereupon the sipper tube was removed and food and water were returned. Each animal was exposed to one sucrose session per day until a criterion minimum of 1 ml was consumed over three consecutive exposures; this criterion was employed to avoid "floor effects" of antagonist treatment. Three to five sessions were needed to reach this criterion in tests conducted approximately three times each week. All mice in all strains met the above criteria, and thereupon underwent testing. Following this initial baseline treatment, the mice received a subcutaneous (sc) vehicle (0.3 ml distilled water/30 g body weight) injection, and 30 min thereafter, sucrose intake was measured over 2 h. Following determination that each mouse met the minimal 1 ml criterion sucrose intake following vehicle treatment, 2-hr sucrose intakes were measured 30-min after sc injection of the D1 (SCH23390) and D2 (raclopride) dopamine receptor antagonists (Sigma Chemical Co., St Louis, MO) at doses of 50, 200, 400, 800 and 1600 nmol/kg. The drugs were mixed at concentrations of 5, 20, 40, 80 and 160 nmol/ml and administered at 10 ml/kg with a minimum 72 h interval between doses. This dose range and post-injection interval were chosen on the basis of significant effects observed in rats (Azzara et al., 2001; Baker et al., 2003; Yu et al., 2000a,b) . Subgroups of animals of each strain, matched for vehicle sucrose intake, received an ascending series of SCH23390 doses followed by a descending series of raclopride doses, a descending series of SCH23390 doses followed by an ascending series of raclopride doses, an ascending series of raclopride doses followed by a descending series of SCH23390 doses, and a descending series of raclopride doses followed by an ascending series of SCH23390 doses. Orders of drug or specific dose presentation failed to produce any significant effects, insuring lack of order or carry-over effects. Following all dopamine antagonist treatments, sucrose intake was reassessed following a second vehicle injection. Analyses of sucrose intake under baseline and the two vehicle treatments failed to reveal any differences, and therefore, these data were pooled as a representative baseline treatment for each strain. Sample size differences among strains reflected unrelated deaths of individual animals.
Statistics
Because there were no significant differences in sucrose intake following the baseline and the two vehicle injections, a pooled vehicle score comprising these sessions was assessed for each time point for each animal in each strain. The first types of analyses assessed drug-induced changes in cumulative sucrose intake across strains using two three-way randomized block analyses of variance with the nine strains as a between-subjects variable, the pooled vehicle and five SCH23390 or raclopride doses as one within-subject variable, and the six test times as the second within-subject variable. Bonferroni comparisons (P < 0.05) evaluated significant drug effects within groups in this and subsequent analyses. The second types of analyses evaluated individual strain-specific effects of SCH23390 or raclopride across the six dose conditions and six test times upon cumulative sucrose intake using two-way repeatedmeasures analyses of variance. Because the mouse strains differed in their 2 h baseline sucrose intakes, the third types of analyses evaluated between-strain differences by transforming the intakes following drug treatments into percent intakes (intake/baseline intake × 100), and performing three-way randomized-block analyses of variance with the nine strains as a between-subjects variable, the five SCH23390 or raclopride doses as one within-subject variable and the six test times as the second within-subject variable. The fourth type of analyses examined strain-specific differences in the potency of SCH23390 that produced significant dose-dependent inhibitory effects such that post-drug intake difference scores were calculated by subtracting sucrose intake following each SCH23390 dose condition from pooled baseline intake for each animal in each strain. Then linear regression analyses were performed for each time point for each strain with the SCH23390 dose as the independent variable and the difference scores for each mouse in each strain as the dependent variable to determine the dose that would inhibit sucrose intake by 50% (ID 50 ). A sensitivity ratio reflecting the potency fold shift of SCH23390-induced inhibition of sucrose intake (ID 50 ) was calculated by obtaining the quotient between the least sensitive strain at each time point relative to the most sensitive strain. The fifth type of analyses examined potential differences in narrow-sense trait heritability between strains for those drug doses (all SCH23390 doses and the highest raclopride dose) that previously produced significant inhibitory effects. A better variable for estimating heritability of drug effects would be relative sucrose intake (% of baseline) because of baseline differences in sucrose intake across strains. Heritability was determined by comparing the between-strain sum of squares to the total sum of squares for each percent vehicle baseline score for the five effective doses of SCH23390 and the high effective dose of raclopride at each time point after drug administration. Because animals are isogenic (i.e., genetically identical) within individual inbred strains, between-strain variance (measured by the sum of squares between-subjects score) provides a measure of additive genetic ('allelic') variation (VA), whereas within-strain variance ('error variance', measured by the sum of squares error score) represents environmental variability (VE). Thus, using all eight inbred strains, an estimate of narrow-sense heritability (h 2 ) for each trait was obtained using the formula: h 2 = VA / (VA + VE). Finally, a sixth type of analysis assessed whether differences in the magnitude of dopamine D1 and D2 receptor antagonist inhibition varied as a function of strains that possessed the sweet-sensitive form of the Tas1R3 receptor (C57BL/6J, C57BL/10J, SJL/J and SWR/J) relative to the sweet-sub-sensitive form (BALB/cJ, C3H/HeJ, DBA/2J and 129P3/J) . Two-way analyses of variance were performed on the percentage of vehicle baseline intake score at 30 min for the five doses of SCH23390 and the high dose of raclopride, all of which displayed significant inhibition of sucrose intake. The 30 min intake point was chosen because overall baseline intakes of the sweet-sensitive and sweet-sub-sensitive strains were equal at this interval.
